Background and Purpose-It is generally accepted that the gray matter in the watershed area of the midthoracic level of the spinal cord is the ischemic watershed zone of the spinal cord. We performed a retrospective study to reevaluate the frequency and distribution of spinal cord injury after a global ischemic event. Methods-Clinical files and neuropathology specimens of all adult patients with either a well-documented cardiac arrest or a severe hypotensive episode, as well as pathologically confirmed ischemic encephalopathy and/or myelopathy, were reviewed by an independent reviewer. Results-Among 145 cases satisfying selection criteria, ischemic myelopathy was found in 46% of patients dying after either a cardiac arrest or a severe hypotensive episode. Among the patients with myelopathy, predominant involvement of the lumbosacral level with relative sparing of thoracic levels was observed in Ͼ95% of cardiac arrest and hypotensive patients. None of the examined patients developed neuronal necrosis limited to the thoracic level only. 
A lthough the pathological aspects and the topographic distribution of ischemic lesions after transient global ischemia have been extensively studied in the brain, [1] [2] [3] [4] very few studies have described the distribution of ischemic changes in the spinal cord after either cardiac arrest or severe hypotension. Historically, the literature has supported the notion of a spinal cord "watershed zone" of ischemic vulnerability centered at the mid-thoracic level (T4 to T6 level). 3, [5] [6] [7] [8] [9] [10] This assumption was based largely on anatomic studies and case reports describing the relative hypovascularity of the midthoracic region from approximately T4 to T8. 6, 9, 11, 12 This pattern of vascularization of the spinal cord has been equated with increased sensitivity of this area to ischemic injury. There have been, however, individual case reports [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and clinical 23 and clinicopathological studies 20, 24, 25 suggesting that global ischemia may affect the low thoracic and lumbosacral cord to a greater extent than the other levels of the spinal cord. We performed a retrospective review of neuropathological changes in the brains and spinal cords of survivors of cardiac arrests or severe hypotensive episodes to reevaluate the frequency and distribution of neuronal injury in the spinal cord associated with ischemic encephalopathy in adults.
Materials and Methods
Neuropathology reports of 3497 consecutive autopsies performed between January 1, 1985, and December 31, 1995, were retrospectively reviewed in search of a microscopic diagnosis of either ischemic encephalopathy or ischemic myelopathy, as well as a premorbid well-documented history of either cardiac arrest or a severe sustained hypotensive episode. The patient population was derived from a university-affiliated teaching hospital. Informed consent for autopsy was obtained in all cases. Patients were excluded from the study if they had any clinical or pathological findings suggestive of spinal cord disease, including trauma, neoplasms, arachnoiditis, syringomyelia, infections, multiple sclerosis, collagen vascular disease, vasculitis, arteriovenous malformations, and spinal artery thromboembolism. The clinical, general autopsy and neuropathology records of 211 cases with the diagnosis of ischemic encephalopathy and/or myelopathy were subsequently reviewed in detail. Further cases were then excluded on the basis of the following criteria: (1) diagnosis of aortic disease except for atherosclerosis, including aneurysm, dissection, thrombus, or surgery (nϭ22); (2) incomplete clinical data (nϭ16); and (3) a survival interval between cardiac arrest or the hypotensive episode and death of Ͻ3 hours (nϭ28).
A total of 145 remaining cases had a well-documented history of either cardiac arrest or a paroxysmal, severe hypotensive episode with no confounding history of active spinal cord or aortic disease. Cardiac arrest was defined as cessation of cardiac mechanical activity documented by ECG and confirmed absence of detectable pulse. 26 This was invariably accompanied by apnea, loss of consciousness, and unresponsiveness. Because the clinical records did not provide sufficient information to distinguish between the duration of cardiac arrest and the duration of cardiopulmonary resuscitation, the duration of the ischemic episode during cardiac arrest was defined as the time interval between collapse and the return of spontaneous circulation after cardiopulmonary resuscitation. For this group of patients, this period and the subsequent survival time before death were recorded. In the hypotension group, we included only the patients with a clear, well-documented episode of sudden, sustained (Ն30 minutes), severe hypotension (Ն20% drop in mean arterial pressure) associated with a change in their level of consciousness. For these patients, blood pressure measurements made before, during, and after the hypotensive event and the subsequent survival time before death were recorded. None of these individuals suffered cardiac arrest until the agonal episode.
The brains and spinal cords were examined after undergoing 7 days of fixation in buffered 10% formalin. For the routine neuropathological examination, tissue blocks were taken from the following representative areas of the brain: frontal, parietal, temporal, and occipital cortices; globus pallidus; hypothalamus; mammillary bodies; thalamus; cerebellum; midbrain; and Ն1 level from the pons and medulla oblongata. The spinal cord was serially sectioned, and tissue blocks for microscopic examination were sampled at 1.0-cm intervals through the entire spinal cord, which included the cervical, thoracic, and lumbosacral levels. The sections were stained with luxol-fast blue combined with a light eosin and cresyl violet nuclear counterstain. The location and pattern of the ischemic changes in the brain and spinal cord were recorded. The minimum histological criteria for the diagnosis of ischemic neuronal necrosis were nuclear pyknosis and cytoplasmic eosinophilia. 2, 4 Longstanding ischemic changes were manifested by neuronal dropout with astrocytic gliosis in cases with selective neuronal necrosis or gray matter infarction at different stages of organization.
For statistical analysis of the data, the 145 cases were initially divided into 2 groups: 63 cases with and 82 cases without ischemic changes in the lumbosacral level. The 2 groups were compared in terms of premorbid history of hypertension and coronary artery disease, age, and degree of aortic atherosclerosis, graded as mild, moderate, or severe at the time of general autopsy.
For all 66 cases demonstrating ischemic changes in the spinal cord, the relationship between survival time and the development of ischemic changes at different levels of the spinal cord was evaluated. In all cases of cardiac arrest, the association between duration of cardiac arrest (1 to 10, 11 to 20, 21 to 30, and Ͼ30 minutes) and the occurrence and level of spinal cord injury was also studied. Both 2 tests and Fisher's exact tests were used for statistical analysis of the data. For all statistical tests, a value of PϽ0.05 was considered significant.
Results
In the 145 cases with a documented postmortem diagnosis of anoxic-ischemic injury to the central nervous system, 83 patients had cardiopulmonary arrest, whereas 62 had an episode of sudden, severe hypotension that was not a component of the agonal episode. Patient information for each group is summarized in Table 1 . Ischemic changes in the spinal cord were present in 66 cases (45.5%). The distribution of ischemic changes to the spinal cord and brain is summarized in Table 2 . Histologically, the cords demonstrated ischemic changes involving the large neurons in the anterior and paramedian groups of nuclei of the anterior horns and Clarke's column of the low thoracic and lumbar levels ( Figure 1 ). These ischemic changes were characterized by chromatolysis, prominent nuclear pyknosis, cytoplasm eosinophilia, and disintegration of the neuronal perikarya to a variable degree (Figure 2 ). In the more advanced stages, the gray matter was infarcted and demonstrated various stages of organization. No cavitary necrosis was noted. In all 66 cases, spinal cord lesions were found in the gray matter. In the most severe cases with total infarction of the gray matter, there was a narrow rim of white matter necrosis and/or edema.
Four topographical patterns of spinal cord ischemia emerged (Figures 1 and 3) . The most common was selective involvement of the lumbosacral levels of the spinal cord (46 cases, 69.7%). The remaining 20 case (30.3%) had additional involvement of other levels of the spinal cord in 1 of the following patterns (Figures 1 and 3 ): (1) ischemic changes extending over the entire length of the spinal gray matter, with the most severe involvement of the lumbosacral and cervical cords (11 cases, 16.7%); (2) infarction at the lumbosacral level and patchy ischemic changes at the cervical level (6 cases, 9.5%); and (3) ischemic changes at the cervical level only (3 cases, 4.5%). Statistical analysis demonstrated that In each of these 3 cases, ischemic changes in the neurons were restricted to the cervical level. There was no single case with the pathological abnormalities limited to the midthoracic level of the spinal cord.
There was no significant morphological or topographical difference between the cardiac arrest and the hypotension group in the pattern of ischemic change involving the spinal cord. In the cardiac arrest group (nϭ83), ischemic changes involving the lumbosacral cord were present in 41 cases (49.4%). Additional involvement of the cervical cord was seen in 12 (18.2%) and of the thoracic cord in 7 (8.4%) cases (Table 2) . Similar results were found in the hypotension group (nϭ62), in which ischemic changes in the lumbosacral cord were found in 22 cases (35.5%), with 8 (12.9%) showing cervical and only 4 (6.5%) demonstrating thoracic cord involvement ( Table 2) .
Among the patients sustaining a cardiac arrest for a period of 1 to 10 minutes (nϭ16), ischemic change in the lumbosacral cord was present in 33% of cases. The frequency of the spinal cord injury increased to 48% and 61% in cases of cardiac arrest with a duration of 11 to 20 minutes (nϭ38) and Ͼ20 minutes (nϭ29), respectively. There was, however, no statistically significant association between duration of ischemia and extent of spinal cord injury (ie, selective neuronal necrosis at the lumbosacral level only versus infarction of the gray matter at all the levels; Pϭ0.441, Fisher's exact test).
All patients remained comatose during the period between cardiopulmonary arrest or severe hypotension and death. Seventeen percent of patients survived Ͻ24 hours. Most patients (42%) survived 1 to 3 days. In the remaining patients, 20% survived 4 to 7 days, 15% survived 1 to 3 weeks, and 6% ultimately survived for Ͼ3 weeks before death. The length of survival time did not influence the development of ischemic changes in the lumbosacral spinal cord (Pϭ0.205, Fisher's exact test). In addition, there was no association between survival time and level of spinal cord involvement (Pϭ0.366, 
Discussion
Cardiac arrest and severe hypotension followed by restoration of normotension are the most common clinical examples of complete and incomplete transient global ischemia of the central nervous system in humans. 2, 3 In these conditions, development of ischemic necrosis in border zones between major arterial territories has been well documented in clinical and experimental animal studies. 1, 5, 27, 28 Because of the anatomic distribution of the spinal cord arteries with the relative paucity of radicular arteries in the thoracic region, the midthoracic level (T4 to T8) has been recognized as the ischemic watershed zone of the spinal cord. 3, [5] [6] [7] [8] [9] [10] 16 Although most clinicopathological studies on spinal cord ischemia have focused on lesions associated with local vascular changes or aortic disease, 17,29 -33 few have examined the impact of global ischemia on the spinal cord. 15, 24, 25, 34 In our series of 145 cases of either cardiac arrest (nϭ83) or systemic hypotension (nϭ62), 66 patients (45%) had evidence of ischemic changes in the spinal cord. All of these cases were associated with ischemic changes in other parts of the central nervous system (Table 2) . Among the 66 cases of ischemic myelopathy, 95.5% of specimens (nϭ63) demonstrated ischemic changes in the lumbosacral cord, with 69.7% (nϭ46) having changes restricted only to that level. Remarkably, the thoracic cord was affected in only 7.6% of cases and never in isolation. In contrast, the midthoracic spinal cord has been demonstrated to be the most poorly vascularized region of the spinal cord with an inconsistent arterial supply at T4 or T5. 10, 16 The lower thoracic and lumbar territory derives most of its blood supply from the artery of Adamkiewicz. Although the thoracic spinal cord may be the anatomic watershed zone with respect to regional blood supply, our findings indicate that the lumbosacral cord neurons appear to be more susceptible to ischemia.
The knowledge concerning global ischemia of the spinal cord is based on individual case reports 13,14,18 -22,29,35 or studies of small numbers of patients. 6, 7, [15] [16] [17] [23] [24] [25] 34, 36 Our results confirm select neuropathological studies reporting the predominance of ischemic changes in the lumbosacral cord after a global ischemic episode. 15, 17, 24, 25, 34 Neuronal necrosis restricted to the lumbosacral level of the spinal cord was initially reported by Gilles and Nag 24 in 6 neonates suffering transient cardiopulmonary arrest. These findings were later confirmed in a larger series of premature infants with clinically documented hypotensive episodes 34 and 2 adult patients after cardiac arrest. 15 Subsequently, Azzarelli and Roessmann 25 in their material from16 patients, including 11 adults with ischemic myelopathy, demonstrated lesions located throughout the spinal cord in 9 cases and restricted only to the lumbosacral cord in 4 patients.
After transient global ischemia, the development and extent of tissue damage is thought to be a function of the severity of blood flow reduction, the duration of ischemia, and the length of survival after the event. 3 Statistical comparison did not demonstrate any difference between the cardiac arrest and hypotension groups in either the occurrence or distribution of ischemic changes in the spinal cord. In both groups, identical ischemic changes were found. Despite the obvious trend showing an almost doubling of the incidence of changes in the lumbosacral cord after 11 to 20 minutes compared with the 1 to 10 minutes group, duration of the ischemic episode was not statistically significant in predicting the occurrence of ischemic changes in the lumbosacral cord (Pϭ0.298, Fisher's exact test). This may also be related to the extent of the ischemic insult because both the duration and depth of ischemia (ie, the degree of reduction of blood flow) determine the extent and severity of the ischemic injury. Although delayed neuronal necrosis after global ischemia has been demonstrated in the human brain 36, 37 and in experimental spinal cord ischemia, 38 the length of survival time did not appear to influence the development of ischemic changes in any segment of the spinal cord.
The histological and topographic patterns of pathological changes in the spinal cord probably reflected the varying degrees of ischemia. In our limited number of patients, we were unable to demonstrate statistical significance between degree of ischemia and location of ischemic changes in the spinal cord. We suspect, however, that at one extreme of the spectrum, cases with pannecrosis of gray matter throughout the entire length of the spinal cord often represented examples of the most severe ischemic insult. In contrast, selective neuronal necrosis restricted solely to the lumbosacral cord resulted from the mildest ischemic injury. The third pattern, that of concomitant cervical and lumbosacral levels involvement, likely corresponds to an intermediate degree of ischemia. In the 66 patients with documented spinal cord ischemia, statistical analysis demonstrated that the lumbosacral cord was most frequently involved compared with other regions (ie, cervical and thoracic) or the combination of these regions.
High metabolic demands and the large number of neurons in the lumbosacral cord may be responsible for the preferential involvement of the motor neurons at the lumbosacral level after global ischemia. Vascular microinjection studies indicate that lumbosacral and cervical levels contain a richer capillary network than the midthoracic level of the spinal cord. 11, 12 It has previously been demonstrated for other regions of the central nervous system that the number of capillaries is greatest in the areas of higher metabolic demand and regions directly associated with a higher neuronal density. 39 -42 The lumbosacral and cervical cord segments have the highest metabolic rate with the greatest oxygen demands. Further
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Lumbosacral Selective Vulnerability 119 studies are needed to confirm whether a differential vulnerability between neurons in various levels of the spinal cord is dependent on variations in the regional blood flow or their inherent metabolic properties. Alternatively, the tendency for aortic atherosclerosis to increase in severity from proximal to distal segments could explain in part the pattern of predominant lumbosacral cord involvement. Atherosclerosis involving the aorta typically is most severe at the aortic arch, proximal thoracic aorta, and abdominal aorta at the level of the renal arteries. Thus, differential blood flow resulting from vascular anatomy and/or vascular disease remains a possible explanation. The findings that cord damage did not appear to be age, hypertension, or coronary artery disease dependent may, however, mitigate against this possibility. Furthermore, statistical analysis did not demonstrate an association between the degree of aortic atherosclerosis and the occurrence of ischemic change in the lumbosacral cord.
With the increasing frequency of successful resuscitation of patients suffering cardiac arrest or profound hypotensive episodes, the understanding of the pattern of injury to the nervous system in these clinical setting is the first step to their prevention. In a clinical study by Cheshire et al, 23 44 patients were found to have spinal cord infarctions. Surprisingly, the mean sensory level of the deficits was found to occur at T8 and T9 in cases of global ischemia (cardiac arrest, nϭ4). 23 A review of the clinical literature by Cheshire and colleagues suggests that the most commonly found sensory level after spinal cord infarction is centered at T12. There are many potential causes, including critical illness neuropathy, for generalized weakness in patients who have suffered a global ischemic event. We found the 46% of patients who died after either cardiac arrest or a severe hypotensive episode demonstrated histological changes consistent with ischemic myelopathy. Future studies correlating imaging studies (MRI) with clinical and pathological findings should provide further insight into the role of ischemic myelopathy in patients' clinical presentation.
In conclusion, our findings indicate a greater vulnerability of lumbosacral neurons to ischemic insults from either cardiac arrest or a severe sustained episode of hypotension. This is most likely a consequence of greater metabolic demands of the gray matter at this level of the spinal cord. Furthermore, our results indicate a very high overall frequency of ischemic myelopathy in global ischemia after cardiac arrest and hypotension. Future preventive neuroprotective strategies in the setting of global ischemia should take into consideration the significant vulnerability of the lumbosacral level of the spinal cord.
